To solve the problem of the accuracy of the numerical simulations of cold rolling, the thermomechanical responses of 40Cr under uniaxial compression loading are presented. The strain rates include quasistatic (0.004 s −1 ) at temperature of 293 K and dynamic loading regime (632 s −1 ∼5160 s −1 ) at temperature regime (293 K∼673 K). Significant strain rate and temperature sensitivity are measured. Based on these observations, the Johnson-Cook phenomenological constitutive model is proposed to predict the mechanical behavior of the 40Cr over wide ranges of strain rate and temperature. The solution process of the equation parameters is given. Correlations with this Johnson-Cook model are shown very close to the observed responses. Important material parameters are provided to the application of numerical analysis in project.
Introduction
High-speed cold rolling is an advanced cold bulk metal forming technology. During the forming process, the workpiece is interruptedly struck by high-speed rolls, and plastic deformation of the workpiece is gradually achieved [1, 2] . 40Cr quenched and tempered steel is the main structure material used in high-speed cold rolling technology because of its good strength and ductility combination. During highspeed cold rolling forming, 40Cr quenched and tempered steel is subjected to high strain rates (about 900 s −1 ∼4000 s −1 ) and large deformation. Numerical analysis is a critical tool for understanding the complex deformation mechanics that occur during cold rolling forming processes. Confidence in the numerical analysis of formability depends on the accuracy of the constitutive model describing the behavior of the material. Therefore, there is a good need to characterize 40Cr quenched and tempered steel's dynamic responses and constitutive model when performing numerical analysis of high-speed cold rolling.
A large number of researches have been carried out in understanding and modeling the mechanical behavior of metals under different strain rates and temperatures in both experimental and theoretical schemes. Thermomechanical responses of H13 hardened steel over a strain rate range from 10 3 s −1 to 10 4 s −1 and a temperature range of 293 K to 673 K was investigated by Lu and He [3] . In their study, the determination of the Johnson-Cook material parameters of H13 hardened steel was based on the experimental results. The Johnson-Cook (JC) constitutive model was shown to correlate and predict the observed responses reasonably well. The quasistatic (10 −3 s −1 ∼10 s −1 ) and dynamic responses (650 s −1 ∼8500 s −1 ) at room temperature of pure iron were investigated by Bao et al. [4] . In their study, the determination of the Johnson-Cook material parameters of pure iron was based on the experimental results. The model predictions were compared with the experimental results, and a good agreement had been observed. A systematic study of the response of Ti-6Al-4V alloy and advanced high strength steels under quasi-static and dynamic loading at different strain rates and temperatures was investigated by Khan et al. [5, 6] . In their study, the correlations and predictions using modified Khan-Huang-Liang (KHL) constitutive model were compared with those from Johnson-Cook (JC) 2 ISRN Mechanical Engineering model and experimental observations for this strain rate and temperature-dependent material. Results showed that KHL model correlations and predictions were shown to be much closer to the observed responses than the corresponding JC model predictions and correlations. Segurado et al. [7] used a physically-based model based on self-consistent homogenization behavior to provide a texture-sensitive constitutive response of each material point, within a boundary problem solved with finite elements (FE). The resulting constitutive behavior was implemented in the implicit FE code Abaqus. The accuracy of the proposed implicit scheme and the correct treatment of rotations for prediction of texture evolution were benchmarked by experiment. The potential of the multiscale strategy was illustrated by a simulation of rolling of a facecentered cubic (FCC) plate. Voyiadjis and Abed [8] developed a coupled temperature and strain rate microstructure physically based that yield function dynamic deformations of body-centered cubic (BCC) metals. Computational aspects of the model were addressed through the finite element implementation with an implicit stress integration algorithm. Numerical implementation for a simple compression problem meshed with one element was used to validate the model. A physically based model was developed based on the mechanism of dislocation kinetics of 3003 Al-Mn alloy over a wide range of strain rates and temperatures by Guo et al. [9] . Comparing the model predictions with the experimental results, a good agreement had been observed. The flow stress of 40Cr at various deformations was studied by Li et al. [10] . In their study, an improved model suiting for hot and warm working was developed, but this study was performed over a very limited range of strain rates (0.1 s −1 ∼10 s −1 ), which is not suitable for numerical simulation of high-speed cold rolling forming. Therefore, the corresponding mechanical responses of 40Cr quenched and tempered steel under different strain rates and temperatures need to be well understood.
In the current research, quasi-static loading (0.004 s −1 ) at room temperature and dynamic compression experiments over a strain rates range from 632 s −1 to 5160 s −1 and a temperature range of 293 K∼673 K of 40Cr quenched and tempered steel were presented. Based on the experimental observations of strain rate and temperature sensitivity, Johnson-Cook (JC) constitutive model was established to describe the flow stress of 40Cr quenched and tempered steel. Determination of material constants was made. Correlations and predictions with Johnson-Cook model and experimentobserved responses were analyzed.
Experiment

Experimental Material and Scheme.
A 40Cr quenched and tempered steel was used in the current study. All the specimens used in this study were made from the same piece of round bar stock. The specimens were machined using quenching and tempering, wire EDM, and cutting and grinding. The specimen geometry that was used in all the samples tested in this study is Φ 5 mm × 4 mm. End face of the specimen' depth of parallelism is 0.002, and the hardness is HRC 26∼30. In order to analyze the dependence of flow stress on the coupled effect of strain hardening, strain rate, and temperature, five groups of dynamic compression experiments and one group of quasi-static compression were performed. Three groups of dynamic compression experiments were performed at different strain rates of 1072 s −1 , 2534 s −1 , and 5160 s −1 at room temperature. Two groups of dynamic compression experiments were performed at the temperatures of 473 K and 673 K and at the strain rates of 1193 s −1 and 1380 s −1 . Quasistatic compression experiments were performed at the strain rate of 0.004 s −1 at room temperature.
Experimental Conditions.
Quasi-static compression experiment was conducted using the MTS system with an axial load capacity of 250 KN. The mechanical response of 40Cr quenched and tempered steel under dynamic loading was characterized by using the compression split-hopkinson pressure Bar (SHPB) technique. The schematic of the experimental set up is shown in Figure 1 . The system mainly consists of a striker bar, incident bar, and transmitted bar. The diameter and material of the striker bar was the same as that of incident and transmitted bar. All of them were remaining in a linear elastic state of stress during the test. Incident bar and transmitted bar were perfectly aligned.
Split-Hopkinson pressure bar (SHPB) technique satisfies four assumptions [11] : (1) fundamental assumption of onedimensional stress wave propagation theory; (2) having a uniform cross section and stress distribution over the entire length; (3) ignoring friction; and (4) ignoring inertia.
Experimental Procedures
Quasi-Static Uniaxial Compression Experiments.
Quasi-static tensile experiments were performed at room temperature. Constant velocity of the testing machine was 20 mm/min. The specimen-gripping portion is clamped by friction force between the wall of the fixture and the wall of the hardened steel block. A high elongation uniaxial strain gage, bonded on the gage section of the specimen, was used to measure strain. The strain of this experiment was achieved at 31.5%. The load obtained from the MTS load transducer was used to calculate the stress. The strain rate of this experiment which was calculated from the engineering strain and time was 0.004 s −1 . In all the experimental results discussed in this study, the true stress-strain responses of the material are calculated from their engineering stress-strain relationship.
Dynamic Compression Experiments at Different Strain
Rates and Temperatures. The specimen was sandwiched between the input and output bars. The required strain rates were obtained through adjusting the gage lengths of the strike bar and the pressure of the gas gun. The dynamic compression experiment was conducted by pressuring the gas gun and releasing the solenoid valve. This results in imparting high speed motion to the projectile sitting in the gas gun. The high speed projectile impacts the incident bar generating compression waves in the incident bar and in the projectile. When the stress wave reaches the interface between the incident bar and the specimen, due to the impedance mismatch at the incident bar-specimen interface, part of the incident pulse is reflected back (reflected pulse) into the incident bar, and the rest is transmitted into the specimen. There will be further reflections and transmissions within the specimen and a compressive pulse gets transmitted into the transmitter bar (transmitted pulse) (see Figure 2 ). The strain gages bonded on the incident and transmitted bar measures the elastic deformation of the bars which were later converted to plastic strains on the specimen using one-dimensional wave theory. significantly increased and that the plastic deformation was earlier. Under high strain rates, with the increase of strain, the true stress and true strain curves are close to ideal elasticplastic model. The reason for this phenomenon is that the plastic deformation of 40Cr quenched and tempered steel in high strain rate is of adiabatic nature. Thermal softening and hardening of the material interact with each other. The work hardening rate in 40Cr quenched and tempered steel increased with strain, and at the same time, the work hardening rate in 40Cr quenched and tempered steel decreased with increase in temperature. In addition, with the increase of strain, the effect thermal softening played on flow stress was larger than hardening.
Experimental Results and Discussion
Temperature Sensitivity.
The true stress and true strain curves from the uniaxial compression experiments at temperatures of 293 K, 473 K, and 673 K and at strain rate around 1000 s −1 are shown in Figure 4 . 40Cr quenched and tempered steel showed positive temperature sensitivity. The true stress and true strain curves all experience a sudden rise and declining procedure. This illustrates that dramatic gliding happened in the initial deformation of material. The reason for gliding is the movement of dislocation. Around each 200 K increase of temperature, the flow stress of 40Cr quenched and tempered steel is of obvious decrease. This is because temperature has a pronounced effect on the flow stress. With the temperature increase, capacity for action of the atom is more active, the movement of dislocation is easier, and hardening caused by pilling up of dislocations is weaker. So, the resistance of material deformation decreased, while thermal softening increased obviously. The higher the temperature, the more obvious thermal softening is, the more flat the curve. 
Constitutive Modeling
A constitutive relation needs to define the dependence of flow stress on the coupled effect of strain hardening, strain rate, and temperature. The flow stress is observed to be a function of plastic strain, strain rate and temperature. These dependencies are usually expressed as multiplicative terms as follows:
( ,, ) = 0 ( ,, ) (, ) ℎ ( ) .
(1)
Establishment of Constitutive
Modeling. Johnson-Cook model, which has the capability to mathematically describe the mechanical responses of the material when it is subject to loadings under different strain rates and temperatures, is a purely phenomenological model. This model is used frequently in engineering structures due to its advantage of fewer constants, suitability of various crystal structures, and its ability to model the observed material response as closely as with models with many more constants [12] . Based on the previous analysis, it can be seen that this model is suitable to describe the flow stress of 40Cr quenched and tempered steel. The JC model is given by the following equation:
where is the stress and is the plastic strain. , , and are current, melting, and reference temperatures, respectively. The five material constants are , , , , and .̇ * =̇/ 0 is the dimensionless plastic strain rate foṙ 0 = 0.004 s −1 and * = ( − )/( − ) is the homologous temperature for = 293 K. The expression in the first set of brackets gives the stress as a function of strain foṙ * = 1.0 and * = 0. The expressions in the second and third sets of brackets represent the effects of strain rate and temperature, respectively.
Determination of Material Constants
Determination of Constant and .
Strain hardening exists in the process of 40Cr quenched and tempered steel quasi-static compression experiment. The material constants of , , and should be obtained from data of quasi-static compression experiment at room temperature. At reference temperature ( = 239 K) and reference strain rate (̇= 0.004), (2) can be expressed as
The constitutive model of 40Cr quenched and tempered steel at quasi-static and room temperature is (3) . Take the logarithm of both sides of (3):
The relationship between ln( − ) and ln can be given by (4) . ln is the intercept and is the slope of the fitting line in the ln( − ) − ln plot. The value of is calculated from the yield stress 0.085 = 905 MPa. The value of and can be obtained as 0.26 and 226 MPa from the fitting of the work hardening experiment data under quasi-static condition at room temperature.
Determination of Constant .
In order to obtain the material constant of , data of dynamic compression experiments are needed. At reference temperature, there is no flow softening term as * = 0, and (2) can be expressed as = ( + ) (1 + lṅ * ) .
Further expressed as
The relationship between /( + ) and lṅ * can be obtained. The material constant can be evaluated as 0.03 by linear fitting of the experiment data. These data are the true stress at the strain rates of 632 s −1 , 1072 s −1 , and 5167 s −1 . For each true stress, the true strain is 0.1.
Thermal softening constant means the dependence of flow stress on temperature. The determination of constant needs the dynamic experiment data at elevated temperatures. At reference temperature and reference strain rate, take the logarithm of both sides of (2), it can be expressed as:
It can be seen that is the slope of the straight, and can be obtained as 0.83 by linear fitting of the experiment data. These data are the true stress at the strain rates of 1124 s −1 , 1193 s −1 , 1236 s −1 and 1380 s −1 at the temperatures of 373 K, 473 K, 573 K, and 673 K. For each true stress, the true strain is 0.1. 
Correlations with the Constitutive Model.
As for the dynamic data of 40Cr quenched and tempered steel, thermal softening from the adiabatic deformation was effectively considered by converting the increment of temperature from the stress-strain curve using following equation:
where , (7.87 kg/m 3 ), [470 /(kg ⋅ k)] are the fraction of heat dissipation caused by the plastic deformation, mass density, and specific heat at constant pressure, respectively. The value of is normally assumed as 0.9 for metals. Use of the Johnson-Cook constitutive model defined in (2) allows (9) to be written as 
Substituting temperature increment (10) with parameters results in the temperature increment (10) taking the following form:
The correlations of flow stress and temperature increase during a compression test at a nominal strain rate of 2534 s −1 at room temperature are shown in Figure 5 . It can be observed that the correlations and prediction from the model were close to the experimental results. This provided a theoretical basis and material parameters for further numerical simulation of coupled thermo-mechanical finite element models.
The JC model correlations of the experimental data obtained at different temperatures and at strain rate around 1000 s −1 is shown in Figure 6 . It can be observed that the flow stress level as well as the work hardening rate decreases continuously with the increase of temperature. Further, the predictions from the constitutive model were in good agreement with the experimental results. 
Conclusions
(1) Comparing dynamic experiment with quasi-static experiment, it can be observed that the flow stress under dynamic condition is much higher. 40Cr quenched and tempered steel showed positive strainrate sensitivity.
(2) It can be observed from dynamic experiments that the flow stress 40Cr quenched and tempered steel shows positive strain-rate and temperature sensitivity. The flow stress increase with the strain rates increase, and 6 ISRN Mechanical Engineering decrease with the increase of temperature simultaneously. Further, the flow stress showed positive thermal softening at elevated temperatures.
(3) The time of the dynamic compression experiments for 40Cr quenched and tempered steel was short, and 90% of heat dissipation was caused by the plastic deformation, which resulted in a temperature increase in specimen. The highest temperature at the strain rate of 2534 s −1 was around 100 K. Thermal softening of material increased with the increase of strain and strain rates. The true stress and true strain curve at the strain rate of 5160 s −1 was close to ideal elastic-plastic model.
(4) It can be observed that the correlations and prediction from the model were close to the experimental results. Johnson-Cook can preferably describe the effect of strain hardening, strain rate and temperature of 40Cr quenched and tempered steel. This provided a theoretical basis and material parameters for further numerical simulation of coupled thermo-mechanical finite element models.
